The CarbFix2 project aims to capture and store the CO2 and H2S emissions from the Hellisheiði geothermal power plant in Iceland by underground mineral storage. The gas mixture is captured directly by its dissolution into water at elevated pressure. This fluid is then injected, along with effluent geothermal water, into subsurface basalts to mineralize the dissolved acid gases as carbonates and sulfides. Sampled effluent and gas-charged injection waters were analyzed and their mixing geochemically modeled using PHREEQC. Results suggest that carbonates, sulfides, and other secondary minerals would only precipitate after it has substantially reacted with the host basalt. Moreover, the fluid is undersaturated with respect to the most common primary and secondary minerals at the injection well outlet, suggesting that the risk of clogging fluid flow paths near the injection well is limited.
Introduction
Reykjavik Energy, the largest geothermal power company in Iceland, alongside the CarbFix group has developed a pioneering method to capture their carbon dioxide (CO2) and hydrogen sulfide (H2S) emissions and store as minerals in subsurface basalts. The emission of these geothermal gases in addition to hydrogen (H2), nitrogen (N2), methane (CH4), and argon (Ar) are associated with high-temperature geothermal systems.
Carbon capture and storage is one solution to reduce CO2 emissions into the atmosphere. This approach was successfully tested as a part of the original CarbFix CO2 storage project at the Hellisheiði Geothermal Power Plant in Iceland. Basaltic rocks, like those found at Hellisheiði, are rich in divalent cations, Ca +2 , Mg +2 , and Fe +2 , which react with CO2 dissolved in water to form stable carbonate minerals. Results from field injections at the original CarbFix low temperature site (20 -50 °C) showed mineralization of injected dissolved acid gases had occurred in less than two years [1] [2] [3] .
The efforts on H2S sequestration followed a regulation passed by the Government of Iceland in 2010 restricting atmospheric H2S emissions. This ruling required the geothermal industry in Iceland, locally the largest anthropogenic source of sulfur, to significantly reduce their emissions [4] [5] [6] . H2S abatement by sulfur mineral storage was proposed by Stefánsson et al. [7] and preliminary efforts were made through gas capture and injection tests in 2012 [4, 8] .
These initial pilot studies were upscaled starting in June 2014 as part of the CarbFix2 project, where a mixture of CO2 and H2S was co-injected with effluent geothermal water from the power plant to a depth of 750 m with temperatures of 240 -250 °C [9] . By the end of 2017, 23,104 tons of CO2 and 11,853 tons of H2S had been injected, accounting for approximately 34% of the CO2 and 68% of the H2S 2017 emissions of the Hellisheiði power plant. Once in the geothermal reservoir, heat exchange and host rock dissolution neutralizes the gas-charged water and saturates the injected fluid with respect to carbonate and sulfur minerals.
To better characterize the long-term behavior of the CarbFix2 acid gas storage effort, specifically the conditions within the injection wells, both the gas-charged and effluent waters were sampled from the head of the injection wells. The mixing of these two waters at more than 750 m depth was geochemically modeled using PHREEQC to calculate the changes in pH, temperature and fluid composition. The stability of the primary and secondary minerals at the injection well outlet was also assessed as the fluids mixed and heated up in the high temperature geothermal reservoir. 
Materials and Methods

Capture and injection
The CarbFix2 injection site is located adjacent to the Hellisheiði Geothermal Power Plant, 25 km east of Reykjavík, Iceland (Fig. 1) . The Hellisheiði geothermal field is a part of the southern Hengill volcanic system, which consists of fractured, hydrothermally altered basalts. Further details describing the geology of the site are reported by Gunnarsson et al. [9] and Franzson et al. [10] [11] .
About 40,000 tonnes of CO2 and 9,000 tonnes of H2S are produced out of the geothermal reservoir annually along with a minor amount of H2, N2, Ar, and CH4. A scrubbing tower was used to dissolve a CO2 and H2S dominated gas mixture under anoxic conditions from the exhaust gas stream into pure water (condensate), in accord with the reactions shown in Table 1 . This method allows for immediate solubility trapping with the added security of no potential gas leaks during the injection of this fluid into the subsurface [4, 9] . Note that the dissolution of these gases liberate H + leading the gas-charged fluids to become acidic and thus reactive when in contact with basalts.
Starting in June 2014, approximately 25% of the exhaust gas from the power plant was processed through the scrubbing tower that operated at a pressure of 5 bars. Flow rates were optimized to recover 56% of the CO2 and 97% of the H2S from the exhaust stream. The gas-charged condensate water at a temperature of 20 °C was then pressurized to 9 bars and transported 1.5 km to the injection well HN-16 ( Fig. 1) , where it was subsequently injected into the subsurface at a rate of 30 to 36 kg/s together with a known flux of effluent water [9] . From 16 July 2016 the scrubbing tower gas capture capacity was doubled and operated at 6 bars before being transported to HN-16 and co-injected with the effluent water. This change in capture rate altered somewhat the composition of the injected gas-charged fluid. In addition, starting at this time, a minor quantity of the acid gases was added to the effluent water to prevent pipe clogging. Prior to the addition of the acid gases, the effluent geothermal water had an average pH of 9.13, but after it was 7.5. As such two sets of geochemical measurements are presented, one for the average compositions of the fluids before and one for after July 2016 ( Table 2 ). The co-injected effluent water had a temperature ranging from 55 to 140 °C and was injected at a rate of 10 to 130 kg/s. These fluids were injected into the HN-16 injection well. HN-16 was directionally drilled, 2206 m long and 0.311 m wide, with the top 660 m encased in carbon steel. The two fluids (acid gas-charged condensate and effluent geothermal water) were injected separately to a depth of 700 m (Fig. 2) , where they then mixed and flowed into the main target aquifer at a depth between 1900 and 2200 m and a temperature range from 220 to 260 °C [9] . Table 3 lists the primary and secondary minerals expected to be present within this aquifer, together with their dissolution reactions [12] . Table 2 . Average geochemical compositions of injected effluent geothermal and gas-charged waters before and after July 2016. Average concentrations reported for the first injection scenario (June 2014 -July 2016) are taken from Gunnarsson et al. [9] . Values given in mmol/kg.
Injection Scenario
June 2014 -July 2016 [9] July 2016 -Dec 2017
Gas Within the casing of each well is a 4" stainless steel pipe that reaches 750 m, thus preventing any contact between the carbon steel and the gas-charged water. The two fluids, effluent water and gas-charged water, were injected separately, mixing at the exit of the stainless steel pipe. The main aquifer receiving the water mixture was located at a depth between 1900 and 2200 m with a temperature of 220 -260 °C. 
Sampling and analysis
The effluent and gas-charged waters were sampled at the HN-16 injection well. The dissolved inorganic carbon (DIC) and H2S concentrations in the gas-charged pure water were determined from collected water samples. The effluent water samples were analyzed for DIC, H2S, and SO4 -2 . The sampling and analysis methods are described by Gunnarsson et al. [9] . Major elements of the effluent water were also measured either by Ion Chromatography (Dionex ICS-1100 or ICS-2000 chromatography system), Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), or Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Fluids were acidified with concentrated suprapure HNO3 (1.0 vol %) prior to analysis by ICP-OES and ICP-MS while no preparation was required for IC analysis. Analytical uncertainties of these analyses were on the order of ≤5%.
Modeling
The goal of the modeling is to determine the potential for secondary minerals to form in and near the well prior to substantial dissolution of the host rock. The geochemical speciation program PHREEQC 3.4.0 was used together with its core10.dat database and additional modifications [13] [14] [15] to determine the pH, temperature and geochemical speciation of the injection mixture in addition to the saturation index of the primary and secondary minerals expected to be present or potentially forming during the injection. The saturation index is defined as SI ≡ log 10 Ω; saturation state, Ω, is calculated from Ω ≡ / SP , where KSP is the equilibrium constant of the mineral dissolution reaction, and Q is the corresponding reaction quotient of a specific solution. A solution is oversaturated with a mineral if a saturation index is greater than zero and undersaturated if less than zero. The average DIC, H2S, and major element concentrations of the measured gas-charged and effluent water were adopted to model the chemistry of the mixed injection fluid. The original temperature of the gas-charged water was 20 o C, whereas that of the effluent water ranged from 55 to 140 o C. The resulting mixed fluid was heated to 260 °C during its descent in the well and its arrival into the main target reservoir. Hence, mineral saturation states of the gascharged and effluent water mixture have been modeled as a function of temperature. No dissolution or precipitation was allowed to occur during the simulation. The fluid pressure was fixed at 81.6 bars to reflect that of the target reservoir.
Results
The average DIC, H2S, and major element concentrations of the gas-charged and effluent water are reported in Table 2 . Values from the June 2014 -July 2016 injection period are averaged from results in Gunnarsson et al. [9] .
Changes in the calculated pH and temperature of the injection fluids having different mixing ratios of the effluent and gas-charged waters were calculated. Saturation state results are presented in Fig. 3 for the target fluid mixing ratio of 30% gas-charged condensate and 70% effluent water and an initial fluid temperature mixture of 80 °C. The pH of the mixed injection fluids were 5.4 and 4.7, respectively, for the fluid mixture before and after July 2016.
For both sets of fluid compositions, the fluids were considerably undersaturated with the most potential secondary phases at the maximum modeled temperature of 260 o C (Fig. 3) . Siderite was the only carbonate close to saturation at the highest temperatures, whereas the remaining CO2-bearing minerals were undersaturated at all temperatures. Pyrite was at saturation and pyrrhotite below. Daphnite, the Fe endmember of chlorite, became supersaturated; ferroactinolite, the Fe endmember of actinolite, also showed a similar pattern, although in the second scenario it did not reach saturation.
Discussion and Conclusions
The findings summarized above suggest that little to no mineral precipitation would be expected to occur from the fluids injected into the CarbFix2 storage site during its descent within the injection wells and immediately following its release to the main basaltic target reservoir. The major reactions will be the dissolution of the host basalt in the vicinity of the well, thereby increasing the rock permeability. Any secondary minerals expected to precipitate would do so only after a significant volume of basalt has been dissolved into the injected fluids as they move away from the injection point. These results therefore suggest that there is minimal risk to clog injection wells and the pore space close to the wells. Furthermore, doubling the CO2 and H2S injection rates and adding gas to the effluent water before injection lowers the saturation state of most primary and secondary minerals within and adjacent to the injection wells.
